Abstract In patients with thrombocytopenia, it can be difficult to predict a patient's bleeding risk based on platelet count alone. Platelet reactivity may provide additional information; however, current clinical assays cannot reliably assess platelet function in the setting of thrombocytopenia. New methods to study platelet reactivity in thrombocytopenic samples are needed. In this study, we sought to develop a laboratory model of thrombocytopenia using blood from healthy subjects that preserves the whole blood environment and reproducibly produces samples with a specific platelet count and hematocrit. We compared the activation state of unstimulated and agonist-stimulated platelets in thrombocytopenic samples derived from this method with normocytic controls. Whole blood was diluted with autologous red blood cell concentrate and platelet-poor plasma, which were obtained via centrifugation, in specific ratios to attain a final sample with a predetermined platelet count and hematocrit. P-selectin exposure and GPIIbIIIa activation in unstimulated platelets and platelets stimulated with collagen-related peptide (CRP) or adenosine diphosphate (ADP) in thrombocytopenic samples and the normocytic control from which they were derived were quantified by flow cytometry. Our methodology reliably produced thrombocytopenic samples with a platelet count ≤50,000/μL and an accurately and precisely controlled hematocrit. P-selectin exposure and GPIIbIIIa activation on unstimulated platelets or on ADP-or CRPstimulated platelets did not differ in thrombocytopenic samples compared to normocytic controls. We describe a new method for creating thrombocytopenic blood that can be used to better understand the contributions of platelet number and function to hemostasis.
Introduction
Hypoproliferative thrombocytopenia is common in patients receiving chemotherapy or it can be caused by diseases such as aplastic anemia or myelodysplasia. While a low platelet count increases bleeding risk, not all patients with severe thrombocytopenia experience bleeding [1, 2] . It can be difficult to predict a patient's bleeding risk based on platelet count alone [3, 4] ; therefore, clinicians often administer prophylactic platelet transfusions or other hemostatic therapies to all patients with severe thrombocytopenia [5, 6] .
Platelet dysfunction likely contributes to bleeding in thrombocytopenic patients [7, 8] . Assessment of platelet function in patients with thrombocytopenia may help to identify patients who are at risk for bleeding and therefore requires a prophylactic platelet transfusion. Clinical tests that are commonly used to diagnose platelet dysfunction include the Platelet Function Analyzer-100 (PFA-100), whole blood and light transmittance aggregometry, and viscoelastic assays [9] [10] [11] . All of these tests require a normal platelet count; therefore, in the setting of thrombocytopenia, they cannot distinguish qualitative platelet function defects from quantitative Electronic supplementary material The online version of this article (doi:10.1007/s00277-016-2777-9) contains supplementary material, which is available to authorized users. ones [9, 12] . New platelet function tests are needed to measure platelet function in the setting of thrombocytopenia.
A source of thrombocytopenic blood is required for the validation of platelet function tests that could diagnose dysfunction in the setting of thrombocytopenia. Blood from patients with thrombocytopenia may not be useful for this purpose because platelet function may not be normal. The ability to create thrombocytopenic whole blood from healthy volunteers is therefore essential to the development and validation of these new assays. However, currently published methods of creating thrombocytopenic blood take a long time, lead to platelet activation, replace plasma with buffer, and do not enable precise control over the platelet count and hematocrit in the final sample [13, 14] . A new method for making thrombocytopenic blood is needed.
Flow cytometry offers a method to test platelet function and is considered relatively insensitive to thrombocytopenia [12, 15] . It can be used to evaluate resting and agoniststimulated platelets by measuring physical characteristics such as size and granularity and surface expression of integrins, granule contents, and bound ligands [15, 16] . Flow cytometry has been used to investigate platelet activation in patients with idiopathic thrombocytopenia purpura (ITP) and chemotherapyinduced thrombocytopenia [8, 17] . However, the ability of flow cytometry to measure platelet function irrespective of platelet count has not been thoroughly tested.
In this study, we describe the development of a laboratory model of thrombocytopenia using blood from healthy subjects that preserves the whole blood environment and reproducibly produces samples with a specific platelet count and hematocrit. We used the model to characterize resting and agoniststimulated platelets by flow cytometry. We found that thrombocytopenia did not affect the extent of platelet activation as measured by flow cytometry in response to adenosine diphosphate (ADP) or collagen-related peptide (CRP).
Thrombocytopenic whole blood samples created from normal subjects could be useful in many applications, including development and validation of novel platelet function tests that are insensitive to platelet count, as an experimental model for testing the efficacy of interventions used for treatment of thrombocytopenia, or as a background for testing the function of small numbers of platelets (e.g., those produced from hematopoietic stem cells in vitro) in a whole blood environment.
Methods Preparation of thrombocytopenic whole blood samples
Using a protocol approved by the local institutional review board, whole blood was collected from healthy adult volunteers (n = 18) into 3.2 % sodium citrate. For evaluation of the model in a different anticoagulant, samples were collected into hirudin (final concentration >15 μg/mL, Verum Diagnostica, Munich, Germany).
Dilution method
An aliquot of the starting whole blood was set aside (Fig. 1) . The remainder was centrifuged for 8 min at 300g. The fraction containing the platelet-rich plasma (PRP) and buffy coat was removed from the red blood cell (RBC) concentrate and centrifuged for 10 min at 3800g to prepare platelet-poor plasma (PPP). Platelet counts (C) and hematocrits (H) of the starting unmanipulated whole blood (W) and RBCs (R, diluted 1:1 with normal saline) were measured using the Scil Vet ABC Hematology Analyzer (Scil Animal Care Company, Gurnee, IL).
The amounts of whole blood (V W ), RBCs (V R , undiluted), and PPP (V P ) that were added to make the final thrombocytopenic sample were determined using the following equations:
where V = volume, C = platelet count, H = hematocrit, and W = whole blood, R = RBCs, P = PPP, and G = goal. A spreadsheet into which these equations are incorporated is provided in the Supplemental Information as is the derivation of these equations.
Centrifugation method
A centrifugation method for preparing thrombocytopenic blood has been previously described by Larsen et al. [13] . Briefly, whole blood was centrifuged for 15 min at 100g to separate RBCs from PRP, and PRP was subsequently centrifuged for 25 min at 3300g to produce PPP that was then mixed with RBCs to produce thrombocytopenic whole blood. After each cycle, platelet count and hematocrit were measured using the Scil Hematology Analyzer. This process was repeated up to five times to achieve reconstituted whole blood with a final platelet count of approximately 20,000 or 50,000 platelets/μL.
Whole blood aggregometry
Whole blood aggregometry was used to determine whether restoration of a normal platelet count to thrombocytopenic whole blood restored full platelet function. To this end, thrombocytopenic samples with platelet counts of 20,000 and 100,000/μL and a hematocrit of 30-33 % were created from a given healthy subject. Platelet concentrate was made from the same subject [18] . Briefly, whole blood was centrifuged at room temperature at 200g for 10 min, and the resultant PRP was centrifuged at 400g for 10 min, after which approximately three quarters of the plasma was removed and the platelet pellet was resuspended in the remaining plasma for a goal platelet count between 1,200,000 and 1,700,000/μL. Platelet concentrate was added to the thrombocytopenic samples to restore the platelet count to that of the original unmanipulated whole blood (∼220,000/μL). Aggregation in response to ADP 10 μM (DiaPharma, West Chester, OH) in the unmanipulated whole blood (normocytic control), thrombocytopenic samples, and thrombocytopenic samples in which platelet counts were restored to that of the normocytic control were analyzed on the multiplate aggregometer (DiaPharma).
Assessment of surface expression of P-selectin and GPIIbIIIa activation on resting and agonist-stimulated platelets
The mAb used to label GPIIbIIIa for platelet identification was 312.2 (Hybridoma Core, BloodCenter of Wisconsin [BCW], Milwaukee, WI) [19] conjugated to AF660 (Invitrogen) per manufacturer's instructions. The mAb used to label surface P-selectin was anti-CD62P-PE (BioLegend, San Diego, CA), and the mAb used to label activated GPIIbIIIa was PAC-1-FITC (BD Biosciences, San Jose, CA).
Whole blood samples were diluted tenfold with HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)-buffered Tyrode's solution containing 0.001 % bovine serum albumin (BSA) (HEPES-Tyrode's-BSA) [20] . The diluted whole blood was incubated in the dark at room temperature for 20 min with 312.2-AF660, anti-CD62P-PE, and PAC-1-FITC or their respective isotype controls. Agonist-either ADP at 1.25 or 5 μM (Chrono-log Corp., Havertown, PA)-or CRP (2.5 μg/mL, Protein Core, BCW) was added 10 min into the 20-min incubation period. To mimic platelets unable to respond to an agonist, some samples were pre-treated with apyrase, which inactivates ATP and ADP by converting them to AMP. For these samples, apyrase was added at the same time as the antibodies and then ADP was added after 10 min. Following the incubation period, samples were diluted tenfold with the HEPES-Tyrode's-BSA buffer to stop the platelet activation (final dilution of 1:100).
Statistical analyses

Platelet count accuracy
Platelet count and hematocrit are expressed as mean ± standard deviation (SD). To compare whether platelet count goal (20,000, 50,000, or 100,000/μL) had an impact on hematocrit accuracy, ANOVA was performed for samples with a goal hematocrit of 25 and 30 % and a t test was used to compared the samples with a goal of 35 %.
Comparison of two methods to make thrombocytopenic blood
A t test was used to compare the amount of time needed to make the thrombocytopenic samples using either the dilution method or the centrifugation method. Repeated measures ANOVA with Bonferroni correction for multiple comparisons was used to compare P-selectin exposure on resting platelets in normocytic controls versus thrombocytopenic samples made using the dilution versus centrifugation method.
Characterization of platelets in activated thrombocytopenic samples
A power analysis determined that 14 pairs of thrombocytopenic samples and normocytic controls, which were the whole blood samples from which the thrombocytopenic samples were made, would give 81 % power to detect a 10 % difference between the two samples at a significance level of 0.05. Sample size calculation was performed using SAS Fig. 1 Dilution method of creating thrombocytopenic whole blood. From the starting whole blood, a small aliquot is set aside. The remainder of the whole blood is centrifuged at 300g for 8 min to separate the platelet-rich plasma (PRP) from the red blood cells (RBCs). The PRP is subsequently centrifuged at 3800g for 10 min, and the platelet-poor plasma (PPP) is removed from the platelet pellet. The PPP, RBCs, and previously set aside whole blood aliquot are mixed together in a ratio based on goal platelet count and hematocrit Studio 3.4. All other statistical analyses were performed using Prism 6.0g for Mac (GraphPad Software). All tests were performed with a two-sided alpha of 0.05 or a family alpha of 0.05 in the case of multiple comparison analyses.
For whole blood aggregometry assays, data were analyzed using repeated measures ANOVA with Bonferroni correction for multiple comparisons with thrombocytopenic and transfused samples compared to the normocytic control. A paired t test was performed to compare thrombocytopenic and normocytic samples with respect to P-selectin exposure and activated GPIIbIIIa expression as well as forward and side scatter (FSC and SSC).
Results
Preparation of thrombocytopenic samples
The healthy adult volunteers had normal hematocrits (39.2 ± 3.3 %, mean ± SD) and platelet counts (242,000 ± 60,000/ μL). Efficient separation of the RBCs from the PRP was essential to minimize the number of centrifuged platelets in the final thrombocytopenic sample. Methods to separate PRP from RBCs are well described in the literature [13, 21] ; however, at these lower centrifugal forces, there were a significant number of platelets in the remaining RBC concentrate (data not shown). Centrifugation at 300g for 8 min produced concentrated RBCs (hematocrit 86.9 ± 8.7 %) with minimal platelets (21,000 ± 7000/μL). Platelets from the RBCs comprised of 5-18 % of the total platelets in the final thrombocytopenic sample; final percent was dependent on the platelet counts and hematocrits of the whole blood, the concentrated RBCs, and the final goal of the thrombocytopenic sample. There were no platelets in the platelet-poor plasma. When comparing normocytic with thrombocytopenic samples, there was no difference in the FSC (104,614 ± 13,717 versus 102,905 ± 13,673, respectively, P = 0.1523) or SSC (7620 ± 947 versus 7962 ± 887, respectively, P = 0.0754), indicating similar size and granularity of the platelets in both samples.
Accuracy and precision of the dilution method for preparation of thrombocytopenic whole blood samples Our goal was to develop a model that would reliably produce thrombocytopenic whole blood samples with discrete platelet counts and hematocrits. We first evaluated our ability to hit a series of platelet count targets in whole blood using the dilution method. For samples prepared with a target platelet count of 20,000/μL, the actual mean platelet count of prepared samples was 24,000 ± 4000/μL. When the target platelet count was 30,000/μL, the actual mean platelet count of the final sample was 33,000 ± 5000/μL. In samples prepared with a target platelet count of 50,000/μL, the mean platelet count was 51,000 ± 5000/μL (with hirudin as the anticoagulant, this value was 48,000 ± 5000/μL). The mean platelet count of samples prepared with a target platelet count of 100,000/μL was 98,000 ± 9000/μL. We next evaluated our ability to hit a series of hematocrit targets in whole blood using the dilution method. Samples prepared with a target hematocrit of 25 % had a final mean hematocrit of 24.2 ± 1.4 %. In samples where the target was 30 %, the actual mean hematocrit was 28.7 ± 1.6 % (with hirudin, this value was 29.8 ± 1.5 %). When the goal hematocrit was 35 %, the mean hematocrit was 33.5 ± 1.8 %. Importantly, hematocrits did not differ significantly among samples with different goal platelet counts (Fig. 2) . We conclude that the dilution method enables preparation of whole blood samples with discrete platelet counts and hematocrits with reasonable accuracy irrespective of anticoagulant used.
Comparison of dilution and centrifugation methods for preparation of thrombocytopenic whole blood samples
The dilution method was compared with the previously published centrifugation method [13] on the basis of several factors, including precision in achieving the targeted platelet count, rapidity, and ability to preserve platelets in an inactive state. The dilution method was more precise than the centrifugation method in that it exhibited less variability in achieving platelet counts of 20,000 and 50,000/μL. Specifically, the dilution method produced thrombocytopenic samples with platelet counts of 22,000 ± 2000 and 51,000 ± 3000/μL, whereas the centrifugation method produced samples with platelet counts of 17,000 ± 4000 and 54,000 ± 14,000/μL. The increased variability in platelet count in samples prepared using the centrifugation method was likely due to variability in the number of cycles required to achieve the goal platelet count. Thus, it took 1-2 cycles of centrifugation to obtain a platelet count of ∼50,000/μL and 2-4 cycles to obtain a platelet count of ∼20,000/μL. The dilution method was also quicker than the centrifugation method. It took Fig. 2 Hematocrit accuracy based on goal platelet count. Hematocrit is not affected by platelet count in the thrombocytopenic samples with platelet counts of 20,000/μL (black symbols), 50,000/μL (gray), and 100,000/μL (white). Data are expressed as mean ± standard deviation significantly less time (P < 0.0001) to prepare a sample with a platelet count of 20,000/μL using the dilution method (51.3 ± 13.0 min) than the centrifugation method (139.8 ± 39.8 min). Finally, the dilution method maintained platelets in an inactive state better than did the centrifugation method. Thus, both the level of P-selectin exposure (211 ± 84 median fluorescence intesity [MFI] ) and the percent of platelets that were P-selectin positive (23.0 ± 8.7 %) were significantly higher in thrombocytopenic samples prepared by the centrifugation method than in either thrombocytopenic samples prepared with the dilution method (P-selectin MFI = 57 ± 40; P-selectin positive = 5.1 ± 6.2 %) or unmanipulated normocytic starting whole blood samples (P-selectin MFI = 76 ± 40; P-selectin positive 6.9 ± 6.4 %), the latter two of which samples did not differ significantly from each other (Fig. 3) . On the basis of these findings, we conclude that the dilution method is superior to the previously described centrifugation method [13] because it is faster, less variable, and preserves platelets in an inactive state better during preparation of the thrombocytopenic sample.
Validation of the dilution method as a model of thrombocytopenia
One setting in which a whole blood model of thrombocytopenia would be useful is to enable ex vivo testing of the efficacy of hemostatic interventions such as platelet transfusions. To determine the utility of thrombocytopenic whole blood samples prepared using the dilution method for this purpose, we used whole blood aggregometry to measure platelet aggregation in thrombocytopenic samples before and after restoration of a normal platelet count (∼220,000/μL) by ex vivo transfusion. The area under the curve (AUC) in response to ADP (Fig. 4) was significantly decreased in both thrombocytopenic samples compared to the normocytic controls (for 20,000/μL, P < 0.0001, and for 100,000/μL, P = 0.0003). Note that P values were adjusted for multiple comparisons between normocytic samples and thrombocytopenic samples pre-and post-transfusion. Restoration of the platelet count in thrombocytopenic samples to a normal level restored agonist-induced platelet aggregation to levels that did not differ significantly from those observed in unmanipulated normocytic controls. We conclude from these findings that thrombocytopenic whole blood samples prepared using the dilution method can be useful for testing the potential efficacy of platelet transfusions.
Thrombocytopenic whole blood samples prepared from healthy subjects would also be useful as controls for studies of the platelet activation state in blood samples obtained from patients with thrombocytopenia. Assessment of P-selectin exposure and GPIIbIIIa activation by flow cytometry is an accepted approach for quantifying platelet activation, and this approach has been used to characterize platelet activation in patients with thrombocytopenia [8, 17] . Interpretation of the results of such studies is, however, hampered by failure to include controls with similarly low numbers of normally functioning platelets. To determine the utility of thrombocytopenic whole blood samples prepared using the dilution method for assessment of the platelet activation state by flow cytometry, we compared levels of P-selectin exposure and GPIIbIIIa activation on the surfaces of platelets in thrombocytopenic samples versus unmanipulated normocytic controls both before and after agonist stimulation. Platelets in thrombocytopenic samples that were left unstimulated exhibited low levels of P-selectin exposure (Fig. 5a ) and GPIIbIIIa activation (Fig. 5b) that did not differ significantly from those observed in normocytic control samples. Fig. 3 Effect of dilution versus centrifugation method for preparation of thrombocytopenic whole blood on the activation state of unstimulated platelets. P-selectin exposure on resting platelets was quantified in normocytic control samples (black circle) and thrombocytopenic samples in samples prepared using the dilution method (black square) or the centrifugation method (black triangle) using flow cytometry. Thrombocytopenic samples prepared using the centrifugation method had a higher levels of P-selectin exposure on platelets as indicated by median fluorescence intensity (MFI) and b a higher percent of platelets that were positive for P-selectin compared to both the normocytic control and platelets in thrombocytopenic samples prepared using the dilution method. The platelet activation state did not differ significantly in normocytic control samples and thrombocytopenic samples prepared using the dilution method. *P ≤ 0.01, **P ≤ 0.001, and ***P < 0.0001
Similarly, platelets in thrombocytopenic samples that were stimulated with low-or high-dose ADP or CRP exhibited high levels of P-selectin exposure (Fig. 5a ) and GPIIbIIIa activation (Fig. 5b ) that did not differ from levels observed in normocytic samples. Both normocytic and thrombocytopenic samples that were pre-treated with apyrase and then activated by ADP showed minimal P-selectin exposure (Fig. 5a ) and GPIIbIIIa activation (Fig. 5b) and were not significantly different from each other. Additionally, when thrombocytopenic samples were made using blood anticoagulated with hirudin, there was no difference in P-selectin exposure or activated GPIIbIIIa on the surfaces of unstimulated platelets compared to the normal control (mean difference in MFI = 48 ± 40 [P = 0.1771] and 18 ± 93 [P = 0.7702], respectively). When stimulated with an agonist (either ADP or CRP), platelets in thrombocytopenic samples anticoagulated with hirudin exhibited levels of P-selectin exposure and activated GPIIbIIIa expression that were not significantly different from levels observed in normocytic controls (mean difference in MFI = −637 ± 1341 [P = 0.3477] and −1148 ± 940 [P = 0.0524], respectively). We conclude from these findings that thrombocytopenic whole blood samples prepared from healthy subjects can be useful as controls for studies of platelet activation as measured by flow cytometry.
Discussion
In this study, we describe a method for making thrombocytopenic whole blood samples from healthy subjects using dilution of whole blood with autologous platelet-reduced RBCs and platelet-poor plasma. We demonstrate the utility of this method for assessment of platelet activation and aggregation in the setting of thrombocytopenia. Our dilution method is superior to previously published methods [13, 14, 22] because it quickly, accurately, and reproducibly produces whole blood samples with discrete platelet counts and hematocrits while keeping the platelets quiescent and enabling them to be fully responsive to agonist stimulation. We directly compared our dilution method with a previously published method that relied on serial centrifugations to replace platelet-rich plasma with plateletpoor plasma [13] and found that our method took less than half the time (an average of 51 versus 139 min) to obtain a sample with a platelet count of approximately 20,000/μL and resulted in significantly less platelet activation as indicated by P-selectin exposure. We also compared our dilution method with another previously published method for making whole blood thrombocytopenic that relied on recombining platelet-poor plasma, RBCs, and buffy coat [22] . The recombination model had been used to demonstrate a change in platelet aggregation following Fig. 4 Whole blood aggregometry in thrombocytopenic samples before and after ex vivo transfusion. Area under the curve (AUC) in response to stimulation with ADP was significantly decreased in samples with a platelet count of 20,000 or 100,000/μL compared to normocytic controls. There was no significant difference in the AUC following ADP stimulation between thrombocytopenic samples to which platelets were added back to achieve a platelet count similar to the normocytic control and the unmanipulated normocytic control. Lines (gray) indicated normal range as supplied by the multiplate manufacturer. ***P ≤ 0.001, ****P < 0.0001, and ns not significant when compared to control Fig. 5 P-selectin exposure and GPIIbIIIa activation in normocytic controls (black circle) and thrombocytopenic (black square) samples prepared using the dilution method There was no significant difference in a P-selectin exposure or b GPIIbIIIa activation in (from left to right) unstimulated platelets nor in platelets stimulated with CRP, low-(1.25 μM) and high-dose (5 μM) ADP, or samples pre-treated with apyrase prior to addition of high-dose ADP in vitro addition of platelets; however, samples in which a normal platelet count had been restored exhibited a greater than 50 % reduction in aggregation compared to the unmanipulated control [22] . In contrast, using our dilution method, samples with platelet counts of 20,000 and 100,000/μL that were subsequently restored to a platelet count of approximately 200,000/μL exhibited no difference in aggregation compared to the unmanipulated control sample with a similar platelet count. On the basis of these comparisons, we conclude that the novel dilution method described herein represents a significant improvement over other previously methods for preparing thrombocytopenic whole blood samples.
Using our dilutional method to create thrombocytopenic whole blood samples with platelet counts ≤50,000/μL, we compared the agonist-induced response of platelets in thrombocytopenic samples with normocytic controls. Platelet activation as measured by increases in P-selectin exposure and GPIIbIIIa activation did not differ in thrombocytopenic samples versus normocytic controls in response to low-and high-dose ADP and CRP. These findings suggest that neither the autologous dilution process nor the platelet count has an impact on activation as measured by these flow cytometry parameters in response ADP and CRP. It is important to note that activation by endogenous ADP and collagen does not require subsequent propagation. It is possible, however, that activation in response to other agonists mediated by subsequent propagation may be affected by platelet count.
Our method for creating thrombocytopenic samples using autologous dilution to control final platelet count and hematocrit offers the opportunity to test separately the effects of platelet count and platelet function on hemostasis. Thrombocytopenic samples prepared from normal blood can be used to validate novel assays that test platelet function in a manner that is insensitive to platelet count. Additionally, thrombocytopenic whole blood can be used to test therapeutic interventions such as platelet transfusions in in vitro models. These samples can also provide a whole blood environment into which other platelets can be added to evaluate their function such as is the case with platelets generated from induced pluripotent stem cells.
In conclusion, this study presents a reliable and accurate method to produce thrombocytopenic whole blood samples with or without anemia from healthy volunteers in whom platelet function is normal. This method does not alter baseline levels of exposed P-selectin and activated GPIIbIIIa in unstimulated platelets nor does it impair the ability of platelets to be activated by ADP or CRP. This model of thrombocytopenia has multiple potential applications that can aid efforts to understand how platelet count and function independently contribute to bleeding risk in patients with thrombocytopenia and that can be used to test the efficacy of new therapeutics.
